Despite the substantial data supporting the oncogenic role of Ack1, the predictive value and biologic role of Ack1 in hepatocellular carcinoma (HCC) metastasis remains unknown. In this study, both correlations of Ack1 expression with prognosis of HCC, and the role of Ack1 in metastasis of HCC were investigated in vitro and in vivo. Our results showed that Ack1 was overexpressed in human HCC tissues and cell lines. High Ack1 expression was associated with HCC metastasis and determined as a significant and independent prognostic factor for HCC after liver resection. Ack1 promoted HCC invasion and metastasis in vitro and in vivo. Mechanistically, we confirmed that Ack1 enhanced invasion and metastasis of HCC via EMT by mediating AKT phosphorylation.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death worldwide in men. [1] Long-term clinical results demonstrated by our team suggest that liver resection is still considered as the first choice and the most effective ''curative'' treatment for HCC, especially for solitary large HCC. [2] However, the overall prognosis of HCC is still far from satisfactory due to high incidences of tumor recurrence and metastasis, [2, 3] with a 5-year recurrence rate of approximately 60% after hepatic resection in our and other centers. [2, 4, 5] Therefore, It is important to further study the molecular mechanisms underlying metastasis of HCC and to research novel prognostic biomarkers for HCC.
We have previously identified a specific subtype of hepatocellular carcinoma, solitary large hepatocellular carcinoma (SLHCC, only one nodule, and tumor diameter >5 cm), with a lower rate of tumor recurrence and metastasis and a better long-term survival outcome, compared with nodular hepatocellular carcinoma (NHCC, tumor nodules ≥2). [4] Further clinical studies confirmed that the metastatic potential of SLHCC was comparable with small hepatocellular carcinoma (SHCC, ≤ 5 cm in diameter), but significantly lower than NHCC. [2, 4] To understand the molecular mechanisms underlying the difference of metastatic potential between SLHCC and NHCC, cDNA microarray analysis was used to identify difference of gene profile between these two subtypes of HCC. [6, 7] Among the 8464 human genes screened, 313 genes were up-regulated in NHCC than in SLHCC, including RhoC, [8] [9] [10] protocadherin LKC [6, 7] and Ack1.
Ack1, a nonreceptor tyrosine kinase, was originally identified as a Cdc42-interacting protein and a Cdc42 effector. [11, 12] Ack1 overexpression has been observed in multiple human cancers including prostate, gastric, and pancreatic cancers. [13] [14] [15] Substantial data indicate that Ack1 is implicated in metastatic behavior, cell spreading and migration. [16] Overexpression of Ack1 can increase the invasive phenotype of breast cancer cells [17] and mediate melanoma cell spreading. [18] These data indicate that Ack1 is involved in invasion and metastasis in HCC, yet its precise role in HCC remains unclear. Metastasis of tumors leads to a very poor prognosis for patients suffering from cancer. [3] We postulate Ack1 may be a poor prognostic biomarker and is associated with HCC metastasis.
In the present study, we determined Ack1 expression and its clinical significance of prognostic marker in HCC according to REMARK guidelines for reporting prognostic biomarkers in cancer. [19] We further identified the effect of Ack1 on metastasis of HCC and its underlying molecular mechanism by using a series of in vitro and in vivo assays.
RESULTS

Ack1 expression is significantly increased in HCC tissues
Previous cDNA microarray analysis was performed to identify difference of gene profile between SLHCC and NHCC. [6, 7] Results showed that Ack1 expression was significantly higher in HCC tissues than in adjacent nontumorous liver tissues (ANLTs). Furthermore, Ack1 expression was also significantly higher in NHCC than in SLHCC. To confirm the results of cDNA microarray, quantitative real time-PCR (qRT-PCR) was performed to determine Ack1 expression in 76 HCCs of training cohort (Supplementary Figure S1 and Supplementary  Table S1 ). Ack1 mRNA was up-regulated in HCC tumors compared with that in ANLTs (0.0347 ± 0.0187 vs. 0.0049 ± 0.0064, P < 0.0001, Figure 1A ). Semiquantitative RT-PCR and western blot ( Figure 1B) showed the similar results as qRT-PCR in these matched specimens. Immunohistochemical (IHC) assays of specimen from internal and external validation cohort (Supplementary Figure S1 and Supplementary Table S1) showed Ack1 expression was highly located in the cytoplasm (Figure 1Ca ), and further validated that the expression level of Ack1 was significantly higher in HCC tumors than that in ANLTs (Figure 1Cb & 1Cc) . Taken together, these data proved that the expression of Ack1 was up-regulated in HCC.
Up-regulated Ack1 expression is significantly correlated with HCC metastasis
We further assessed Ack1 expression level among three different subtypes of HCC including SHCC, SLHCC and NHCC, Ack1 expression level was the highest in NHCC with the greatest metastatic potential and the poorest clinical outcome (P < 0.001; Figure 1Da ). The patients with recurrence or metastasis of HCC exhibited higher Ack1 mRNA expression than those without recurrence or metastasis (0.0456 ± 0.0159 vs. 0.0179 ± 0.0057, P < 0.0001; Figure 1Db ). In addition, IHC also showed the expression level of Ack1 was progressively increased from ANLTs, primary lesions (PLs) to intrahepatic metastasis lesions (IMLs) ( Figure 1E ). Above all, those results indicated that Ack1 was associated with HCC metastasis.
Associations of high Ack1 expression with Clinicopathological characteristics
Next, we analyzed the association of clinicopathological variables with high Ack1 expression level. In training cohort, Mann-Whitney U-test showed Ack1 mRNA and protein expression was significantly associated with poor prognosis-related clinicopathological variables such as tumor number, tumor differentiation, vascular invasion, pathologic satellites nodules, and TNM stage (Table 1) . These findings were further validated in internal validation cohort. Results showed high Ack1 expression was also significantly related to almost all previously known malignant clinicopathological variables such as tumor number, tumor differentiation, vascular invasion, pathologic satellite nodules, TNM stage (Table 2 ). In contrast, high Ack1 expression was not associated with gender, age, HBsAg, liver cirrhosis, AFP, TBil, albumin, tumor size, capsular formation, and BCLC stage in training cohort and internal validation cohort (Table 1, Table 2 ).
High Ack1 expression predicts poor prognosis in HCC patients
As metastasis is the main causative factor for HCC poor outcome, we further interrogated whether Ack1 expression could predict prognosis of HCC patients according to REMARK guidelines for reporting prognostic biomarkers in cancer. [19] In training cohort, patients were classified into low-and high-Ack1 groups based on median of Ack1 mRNA and protein expression level. Kaplan-Meier analysis showed HCC patients with high Ack1 mRNA expression had poorer disease-free survival (P = 0.001, Figure 2Aa ) and overall survival (P = 0.003, Figure 2Ab ) than patients with low Ack1 mRNA expression. What's more, a similar significant difference in disease-free survival (DFS) (P = 0.002, Figure 2Ba ) and overall survival (OS) (P = 0.009, Figure 2Bb ) was also obtained based on Ack1 protein expression level. In addition, high Ack1 expression was associated with high early tumor recurrence (within 2 years) rate according to Ack1 mRNA expression (P = 0.034; Supplementary Figure 2Aa) and Ack1 protein expression level (P = 0.025; Supplementary Figure 2Ab) . Thus, we inferred that Ack1 was a potential biomarker to predict survival in addition to metastasis.
To estimate the accuracy of Ack1 to predict prognosis, data from the internal validation cohort (Supplementary Figure S1 and Supplementary Table S1) were further calculated. We found that Ack1 was highly expressed in 88 (88/141, 62.4%) cancer samples ( tumor tissues in the training cohort is higher than that in ANLTs by quantitative real-time PCR (qRT-PCR). NL, ANLT, T represent normal liver tissue, adjacent nontumorous liver tissue, tumor tissue. B. Ack1 expression in paired T and ANLT in the training cohort was detected by semiquantitative RT-PCR and western blot. GAPDH and β-actin was used as an internal loading control. C. Immunohistochemical analysis of Ack1 expression in paired HCC tissues. Representative images (400 ×) of liver tissues with Ack1 protein staining were taken (Ca) and statistical analysis of expression in HCCs (Cb and Cc). D. a. Ack1 mRNA in NHCC with high metastatic potential expressed significantly higher than that in SHCC and SLHCC with relative low metastatic potential. b. The patients with metastasis and/or recurrence exhibited higher Ack1 mRNA expression in tumor tissues than those without. MR, NMR represents HCC with metastasis and/or recurrence, HCC without metastasis and/or recurrence respectively. E. A representative immunohistochemistry (IHC) staining of Ack1 protein in liver tissues. Intrahepatic metastasis lesion (IMLs) showed the highest level. ANLT, PL represents adjacent nontumorous liver tissue, primary lesion respectively. ** P < 0.01, *** P < 0.001. www.impactjournals.com/oncotarget with no to weak expression in ANLTs ( Figure 2C ). Data showed that patients with high Ack1 expression had lower DFS (P = 0.027; Figure 2Da ), lower OS (P = 0.029; Figure 2Db ) and a significantly higher early recurrence rate (P = 0.035; Supplementary Figure S2B ) than patients with low Ack1 expression. In line with these results, SHCC and SLHCC had higher DFS (P = 0.001; Figure  2Dc ) and OS (P = 0.004; Figure 2Dd ) rates than NHCC. Furthermore, univariable and multivariable analysis by Cox proportional hazards regression model in the internal validation cohort revealed that along with multiple nodules, higher Edmondson-Stainer grade, vascular invasion, satellite nodules, capsular formation, TNM stage and BCLC stage, high Ack1 expression was also an significant and independent prognostic factor for both DFS (HR 3.596; 95% CI 1.108 to 6.230, P = 0.012; Table 3 ) and OS (HR 2.306, 95% CI 1.178 to 7.203, P = 0.034; Table 4 ).
External validation of the HCC prognostic significance of Ack1
Prognostic significance of Ack1 was further evaluated in an independent of 70 radically resected HCCs from external validation cohort (Supplementary Figure S1 and Supplementary  Table S1 ). Data of the external validation cohort also generated from formaldehyde-fixed, paraffinembedded paired HCC tissues by IHC. Unlike internal validation, we generated prognosis prediction blind to survival data. A total of 43 patients (43/70, 61.4%) had high Ack1 expression, and this was significantly associated with DFS (P = 0.038, Figure 2Ea ), OS (P = 0.021, Figure 2Eb ) and early recurrence rate (P = 0.037, Supplementary Figure S2C ). In the same cohort, SHCC and SLHCC had higher DFS (P = 0.002, Figure 2Ec ) and OS (P = 0.005, Figure 2Ed ) rates than NHCC. High Ack1 expression was significantly related to the clinicopathological characteristics such as tumor number, tumor differentiation, vascular invasion, pathologic satellite nodules, and TNM stage (Supplementary Table S2 ). Univariable and multivariable analysis by Cox proportional hazards regression model showed that high Ack1 expression was still an independent prognostic factor for both DFS (HR 3.954, 95% CI 2.081 to 6.740, P = 0.022; Supplementary Finally, we integrated the internal and external validation cohort into the overall cohort to re-analyze the prognostic significance of Ack1. High Ack1 expression also could predict low DFS (P = 0.001, Figure 2Fa ), low OS (P = 0.011, Figure 2Fb ) and high early recurrence rate (P = 0.003, Supplementary Figure 2D) . Similarly, SHCC and SLHCC had higher DFS (P = 0.002, Figure 2Fc ) and OS (P < 0.001, Figure 2Fd ) rates than NHCC. These results showed the validity of Ack1 to predict HCC prognosis in addition to metastasis.
Ack1 enhances invasion and metastasis of HCC in Vitro and in Vivo
To study the biological significance of Ack1 in HCC invasion and metastasis, the expression levels of (Figure 3Aa ), semiquantitative RT-PCR ( Figure 3Ab ) and western blot (Figure 3Ac ). Meaningfully, Ack1 expression exhibited the highest in HCCLM3 with the greatest metastatic potential, [20, 21] consistent with results as determined in HCC samples.
To determine Ack1 function in HCC invasion and metastasis, we overexpressed Ack1 in MHCC97-L (named MHCC97-L Ack1 , Supplementary Figure S3A ) and knocked down Ack1 in HCCLM3 cells (named HCCLM3 shAck1 , Supplementary Figure S3B ). As they have relatively low Ack1 expression and high Ack1 expression ( Figure 3A ), respectively and are adequate cell lines for studying metastatic cell model. [20, 21] We examined the effects of Ack1 on metastasis in vitro by transwell assays and wound-healing assays. In comparison with control cells, it was noted that Ack1 overexpression significantly increased MHCC97-L invasive ability by transwell assays (P < 0.001; Figure 3Ba ) and enhanced motility of MHCC97-L cells by wound healing assay (P < 0.001, Figure 3Ca ). Conversely, knockdown of Ack1 expression in HCCLM3 cells decreased cell invasion (P < 0.001; Figure 3Bb ) and motility (P < 0.01; Figure 3Cb ). Intriguingly, it was observed that overexpression of Ack1 induced the reorganization of actin cytoskeleton of MHCC97-L cells and changed the cell appearance to more spindle-like, fibroblastic morphology and extended more protrusions at the cell edges (Supplementary Figure S3C) . On the contrary, knockdown of Ack1 resulted in disappearance of the stress fiber-like structures in HCCLM3 cells and changed the cell appearance to more cobble-stone morphology and extended less protrusions at the cell edges (Supplementary Figure S3D ). An effect of Ack1 on the growth was identified. Cell proliferation assays and colony formation assays showed that overexpression of Ack1 increased cell proliferation of MHCC97-L cells (Supplementary Figure  S4A, S4B) , whereas knockdown of Ack1 decreased cell proliferation of HCCLM3 cells (Supplementary Figure  S4C, S4D) . These results support that Ack1 can enhance malignant phenotypes of HCC cells in vitro.
To further verify the in vitro results, we evaluated the role of Ack1 by using an in situ mouse metastasis model in vivo. We observed that Ack1-overexpresed MHCC97-L cells MHCC97-L Ack1 formed dramatically larger size of in situ liver tumors than control MHCC97-L Vector cells (P = 0.014; Figure 4Aa ). More importantly, as compared with MHCC97-L Vector group, MHCC97-L Ack1 group showed a dramatic increase in intrahepatic metastasis nodules (P < 0.001; Figure 4Ba ), pulmonary metastasis rate (7/7(100.0%) vs 2/7(28.6%), P = 0.026; Figure 4Ca & 4Cb & 4Cc) , pulmonary metastatic nodules (51 ± 6.7 vs. 13 ± 2.7, respectively, P < 0.001; Figure 4Ca & 4Cb & 4Cd) . Similarly, the number of lung metastatic nodules of each grade was also greater in the MHCC97-L Ack1 group (Figure 4Ce ). However, compared with HCCLM3 shcontrol group, knockdown of Ack1 in HCCLM3 cells significantly decreased tumor growth (P = 0.004; Figure 4Ab ), intrahepatic metastasis nodules (P < 0.001; Figure 4Bb ), pulmonary metastasis rate (2/7(28.6%) vs 7/7(100.0%), P = 0.026; Figure 4Da & 4Db & 4Dc), pulmonary metastatic nodules (6 ± 1.3 vs. 29 ± 3.2, respectively, P < 0.001; Figure 4Da & 4Db &  4Dd) . Similarly, the number of lung metastatic nodules of each grade was also reduced (Figure 4De ). All together, these data demonstrate that Ack1 can enhance metastatic potential of HCC in vivo. Figure S3C) , while down-regulation of Ack1 changed the cell appearance to more cobble-stone morphology (Supplementary Figure S3D) , indicating that Ack1 was involved in a cellular transition termed epithelial-mesenchymal transition (EMT). [22] To confirm whether Ack1 promotes HCC metastasis by facilitating EMT, we examined the expression levels of EMT markers cells or knockdown of Ack1 in HCCLM3 cells. Compared with control cells (MHCC97-L Vector cells), western blot showed that Ack1-overexpression cells (MHCC97-L Ack1 cells) exhibited a large decrease in epithelial-marker E-cadherin and increase in mesenchymal markers vimentin, fibronectin and N-cadherin ( Figure 5A ). However, western blot showed that knockdown of Ack1 increased epithelial-marker E-cadherin and decreased mesenchymal markers vimentin, fibronectin and N-cadherin expression in HCCLM3 cells ( Figure 5A ). Immunofluorescent (IF) assays also revealed that overexpression of Ack1 in MHCC97-L cells increased the expression of vimentin, but decreased the expression of E-cadherin ( Figure 5B) . Conversely, knockdown of Ack1 in HCCLM3 cells increased the expression of E-cadherin, but decreased the expression of vimentin ( Figure 5B ). These results supported that Ack1 was associated with EMT in HCC cells.
Metastasis is promoted by Ack1 via facilitating EMT
To explore essential signaling pathways that are capable of conferring metastatic phenotypes to HCC cells, we determined whether Ack1 affected signaling pathways that have clearly established roles in promoting HCC metastasis via EMT. It has been shown that Ack1 is activated by overexpression of the Ack1 gene and cell adhesion. [23] We observed that Ack1 overexpression cells MHCC97-L Ack1 yielded much more Tyrphosphorylation of Ack1 than control cells MHCC97-www.impactjournals.com/oncotarget shcontrol ( Figure 5C ). It was reported that the kinase activation of Ack1 could activate AKT pathway in other disease, [23, 24] which is important for epithelial-mesenchymal transition (EMT). [21] Thus we investigated the effect of Ack1 on Thr308-and Ser473-phosphorylation of AKT. Western blot revealed that Ack1 overexpression significantly induced phosphorylation on Ser473 of AKT, but not on Thr308 of AKT ( Figure  5C ). To substantiate AKT activation mediated by Ack1, we tested the results by cell adhesion assays ( Figure 5D ). HCC cells MHCC97-L Ack1 , MHCC97-L Vector , HCCLM3
shcontrol and HCCLM3 shAck1 cells were plated onto fibronectin plates. As expected, western blot showed Tyr-phosphorylation of Ack1 was significantly enhanced upon plating the cells onto fibronectin ( Figure   5D ). In MHCC97-L cells, cell adhesion assays also showed Ser473-phosphorylation of AKT was enhanced upon plating the cells onto fibronectin, but Ser473-phosphorylation of AKT was greater in MHCC97-L Ack1 cells than in MHCC97-L Vector cells ( Figure 5D ). Similarly, in HCCLM3 cells, cell adhesion assays showed Ser473-phosphorylation of AKT was enhanced upon plating the cells onto fibronectin, but Ser473-phosphorylation of AKT was greater in HCCLM3 shcontrol cells than in HCCLM3 shAck1 cells ( Figure 5D ). However, Thr308-phosphorylation of AKT was yet not affected in MHCC97-L cells or HCCLM3 cells ( Figure 5D ). To assess the role of Ack1 in Ser473-phosphorylation of AKT, HCC cells were either untreated or pretreated with AIM-100, a Ack1-specific inhibitor, in cell adhesion assays (Supplementary Figure S5A and S5B) . This assays further validated that the kinase activation of Ack1 could activated AKT pathway by inducing Ser473-phosphorylation of AKT, but not Thr308-phosphorylation of AKT in HCC cells. Taken together, these data suggest that Ack1 can promote EMT by mediating activation of AKT signaling pathway in HCC.
DISCUSSION
In this study, we identified overexpression of Ack1 related to HCC metastasis and predictive prognosis after liver resection according to REMARK guidelines for reporting prognostic biomarkers in cancer. [19] We demonstrated that Ack1 was frequently overexpressed in human HCC tumors compared with ANLTs. IHC also showed the expression level of Ack1 was progressively increased from ANLTs, PLs to IMLs. Interestingly, among three subtypes including SHCC, SLHCC and NHCC, Ack1 expression level was the lowest in SLHCC with the best behavior of oncological biology according to our clinical outcome. [2, 4] Further analysis showed high Ack1 expression was clearly associated with tumor differentiation, vascular invasion, pathologic satellite nodules, and the TNM stage of tumors. These data were consistent with previous reports that Ack1 was implicated in cancer progression. [25] However, high Ack1 expression correlated with TNM stage but not BCLC stage, which may be due to the fact that these two staging systems use different variables related to tumor status, liver function and health performance status. [26, 27] Anyhow, tumors in advanced TNM stage possessed high Ack1 levels, and this result consolidated the view that Ack1 overexpression related to cancer progression. Taken together, these findings indicate that Ack1 functions as an oncogene promoting HCC metastasis.
HCC is a highly heterogeneous disease that patients with the same pathologic features, TNM stage and treatment strategy (such as curative resection) could have different clinical outcomes. [28] Therefore, it is essential to find powerful markers to predict the tumor recurrence after curative liver resection. In this study, we aimed to explore whether Ack1 expression level was related to the prognosis of HCC according to REMARK guidelines. [19] We proved that high Ack1 expression was an independent and significant factor for DFS and OS for HCC, specially for early recurrence (within 2 years). Early recurrence mainly results from dissemination of metastatic HCC cells involved in HCC cell biology. [29] The predictive potential of Ack1 was found in early recurrence, implying HCC cells with high Ack1 expression are predisposed to become metastatic. Indeed, our results showed that Ack1 could enhance HCC cells motility, invasion, and epithelialmesenchymal transition. The results also explained that patients with high Ack1 expression have markedly poor prognosis, and the varying Ack1 expression is a reason for the different clinical outcomes between SLHCC and NHCC. [2, 4] In addition, we validated the prognosis significance in internal cohort of HCC demonstrating its powerful performance in predicting prognosis, and further validated its prognostic accuracy in external cohort of HCC. These results support Ack1 could be a useful predictive marker for prognosis in addition to metastasis in HCC.
We demonstrated that Ack1 played its role in promoting invasion and metastasis of HCC. Our study on HCC cell lines showed that Ack1 was overexpressed in HCC cell lines and the highest expression occurred in HCCLM3 cell line with the highest metastasis potential. [20, 21] Overexpression of Ack1 in MHCC97-L cells markedly promoted cell migration and invasion, while knockdown of Ack1 in HCCLM3 cells significantly decreased cell migration and invasion. Importantly, an animal model confirmed that Ack1 facilitated tumor formation and metastasis in vivo. These further suggest that Ack1 promotes the invasion and metastasis of HCC.
EMT is considered as a critical mechanism contributing to metastasis of cancer. [21, 30, 31] Previous studies have shown that Ack1 could modulate EMT. [32] In this study, we confirmed that Ack1 enhanced HCC metastasis via EMT, as EMT markers such as E-cadherin, vimentin, fibronectin, and N-cadherin were affected by Ack1 ectopic expression or knockdown. E-cadherin is the key components of the adherens junctions of cell membrane mediating cell-cell adhesion and cytoskeleton. [33] Our data showed that overexpression of Ack1 up-regulated E-cadherin expression, while Ack1 knockdown down-regulated E-cadherin expression. We also uncovered Ack1 exerted function via the oncogene AKT in HCC. AKT is frequently activated in many cancer types and has emerged as a major hallmark of tumor metastasis. [21, 34, 35] Its activation may be in the different activation fashions, and the amino acid residues of different phosphorylation sites. [36, 37] Recently, we also reported that phosphorylation of Ser473 in the AKT is an important signal for HCC metastasis. [21] In this study, Ack1-mediated phosphorylation of Ser473 in the AKT is an another evidence for our previous study. It has been shown that Ack1 is activated by cell adhesion and is a critical transducer of multiple receptor signals, including EGFR, PDGFR (platelet-derived growth factor receptor), insulin receptor. [31, 38, 39] . Activation of Ack1 directly phosphorylates AKT at an evolutionarily conserved tyrosine 176 in the kinase domain, which localizes to the plasma membrane and promotes Ser473-phosphorylation leading to AKT activation. [24] Cell adhesion assays further tested the view and suggested that Ack1 could mediate activation of AKT by phosphorylation on Ser473. However, phosphorylation of Thr308 in the AKT was not affected by Ack1, but its high phosphorylation was detected in HCC cells. This may be that HCC cells often have a loss of PTEN, [40] leading to constitutively activated AKT, [41] which could already lead to discrepancies in phosphorylation of the amino acid residues of AKT in HCC. All together, these results indicate that Ack1 serves as an EMT promoter through activating AKT signaling pathway.
In conclusion, our study, according to REMARK guidelines, have identified the HCC prognosis of Ack1 in 2 independent cohorts using different techniques and further validated its accuracy of a prognostic biomarker in external cohort of resected HCC patients. We found that Ack1 was overexpressed in HCC and Ack1 promoted HCC metastasis through EMT by activating AKT signaling pathway. Also, Ack1 may be a potential prognostic biomarker for the patients with HCC after liver resection, supporting the pursuit of clinical significance of Ack1.
MATERIALS AND METHODS
HCC patients and tissue specimens
Three independent cohorts of HCC subjects were enrolled in this study (Supplementary Figure S1) . All patients without any preoperative treatment were histopathologically confirmed as HCC according to World Health Organization criteria and pathologically staged based on the Barcelona clinic liver cancer (BCLC) staging scores and tumor node metastasis (TNM) classification (7th Edition) of the International Union Against Cancer. [26, 27] 
Follow-up and prognostic studies
All patients of training and internal validation cohort were regularly followed-up by the same experienced surgical team in our liver surgery center, with surveillance for the recurrence and metastasis by clinical examination, serial monitoring of alphafetoprotein levels and ultrasonography or CT scan or MRI at a 3-4 month interval. The median follow up was 46.5 months (range from 3-120 months). For external validation cohort, followed-up data were collected by the experienced surgical team in this center. All of us were blinded to survival data before analysis. For the patients suspected recurrence and/or metastasis, imaging examinations including high-resolution contrastenhanced CT and/or magnetic resonance imaging (MRI) were performed to validate recurrent or metastatic lesions. Overall survival (OS) was defined as the time interval between HCC resection and death or the last observation. Patients alive at the end of follow up were censored. Disease-free survival (DFS) is calculated from the HCC resection to the first radiological evidence of recurrence. Patients that died with no evidence of recurrence were censored.
Cell lines and cell culture
HCCLM3 and MHCC97-L cell lines were gifted by Liver Cancer Institute of Fudan University, Shanghai, China. HepG2, Huh7 and L02 cell lines were purchased from American Type Culture Collection (ATCC, Rockville, MA). Cell lines were cultured in high glucose Dulbecco's modified Eagle media (DMEM) (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and maintained in 5% CO2 at 37°C.
Quantitative real-time PCR
Quantitative real-time (qRT PCR) was performed as we previously described. [21] For qRT-PCR, primers were as follows: Ack1-forward, 5′-TGCCACAAAGTGCTGGAGATG-3′; Ack1-reverse, 5′-ACGGACAGGCTCAGGTGATTC-3′; GAPDH-forward, 5′-GCACCGTCAAGGCTGAGAAC-3′; GAPDH-reverse, 5′-TGGTGAAGACGCCAGTGGA-3′. The PCR cycling parameters were as follows: 50 cycles at 95°C for 5s, 60°C for 20s. Relative mRNA expression levels were calculated by the 2 −ΔCt method based on the threshold cycle (Ct) values and were normalized to the internal control of GAPDH.
Western blot
Total protein was extracted and separated by SDS-PAGE and then transferred onto PVDF membrane (Millipore, Bedford, MA). The blotted membranes were incubated with the primary antibodies and then HRPconjugated goat anti mouse secondary antibody (1:2,000; KPL, Gaithersburg, MD) in order. Band was detected with enhanced chemiluminescence regents (Thermo Scientific, Rockford, IL). Beta-actin protein was also determined by using the specific antibody (Sigma, St Louis, MO) as a loading control. Protein expression were quantified by BandScan software (BioRad, Hercules, CA) and defined as the ratio of target protein relative to Betaactin. Antibodies for E-cadherin, vimentin, fibronectin, N-cadherin, p-Ack1(Tyr284), Ack1, p-AKT(Thr308), p-AKT(Ser473) and corresponding secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA).
Immunohistochemistry
Paraffin-embedded tissues were sectioned and microwave-pretreated in EDTA buffer (1 mM, pH 8.0) for 10 minutes for antigen retrieval. Immunostaining for Ack1 (1:200) (Santa Cruz Biotechnology) was done with the Streptavidin-Peroxidase system (Zhongshan Goldenbridge Biotechnology, Shanghai, China). The expression levels of Ack1 were scored semiquantitatively based on staining intensity and percentage of positive cells using the immunostaining score as described elsewhere. [42] 
Expression vectors construction and transfection
For Ack1 overexpression, pCMV-Tag2B was a generous gift from Dr. Yuan. Ack1-expression plasmid pCMV-Tag2B-Ack1 was synthesize and kindly provided by Amgen Company, USA. Exponentially growing cells MHCC97-L (about 60-80% confluent) transfected with pCMV-Tag2B-Ack1 or empty vectors using FuGENE 6 (Invitrogen, Carlsbad, CA) and selected with G418 (300 μg/ml). For Ack1 knockdown, vector GV112 plasmids carrying shRNA for Ack1 or scrambled shRNA were purchased from GeneChem corporation (Shanghai, China). Three putative candidate Ack1 shRNA sequences and one control sequence are included below: Ack1-shRNA-Seq1: Sense: 5′-CCGGGTCGTGGATGAGTAAGGTGTTCTCG AGAACACCTTACTCATCCACGACTTTTTG-3′. Ack1-shRNA-Seq2: Sense: 5′-CCGGTGCTTCCTCTTCC ACCCAATTCTCGAGAATTGGGTGGAAGAGGAAGC ATTTTTG-3′. Ack1-shRNA-Seq3: Sense: 5′-CCGGCA ACTTCTCCACCAACAACAGCTCGAGCTGT TGTTG GTGGAGAAGTT GTTTTTG-3′. Control shRNA sequence: Sense: 5′-CCGGCATTCTCCGAACGTG TCACGTCTCGAGACGTGACACGTTCGGAGAATGT TTTTG-3′. Exponentially growing cells HCCLM3 (about 60-80% confluent) were transfected with either shRNA plasmids for Ack1 or for control using FuGENE 6 (Invitrogen) and selected with 3 μg/ml puromycin (Sigma, St. Louis, MO).
Immunofluorescence analysis
Stably transfected cells were seeded in the 6-well Culture plate (Corning Costar Corp, Corning, NY) to prepare for performed cell immunofluorescence (IF) and incubated with primary antibodies then incubated with fluorescence labeled secondary antibody. The slides were imaged using a microscope or inverted fluorescence microscope TE-2000S (Nikon, Tokyo, Japan). Primary antibodies for E-cadherin, vimentin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rhodamineconjugated phalloidin, DAPI and fluorescence labeled secondary antibody were obtained from Beyotime Institute of Biotechnology (Shanghai, China).
Cell proliferation and colony formation
HCC cell lines proliferation and colony formation were performed and analyzed as described previously. [21] For cell proliferation assay, cell numbers were counted by using cell counter and then compared. For colony formation assays, single-cell suspension containing 500 cells was added to each well of a 6-well plate (Corning Costar Corp) and incubated in 5% CO 2 at 37°C for 2 weeks. Then, fixed with methanol and stained with crystal violet (Beyotime, Shanghai, China). Only positive colonies (diameter > 40 um) in the dishes were counted and compared. [43] These experiments were performed in triplicate.
Wound-healing assays
Wound-healing assays were performed and analyzed as described elsewhere. [44] In brief, Cells were seeded onto 35 mm dishes (Corning Costar Corp) coated with fibronectin. After reached 100% confluence, cells were pre-incubated with mitomycin (Sigma, St. Louis, MO, 10 μg/ml) to inhibit cell proliferation for 1 h at 37°C. Woundhealing assays were performed with a sterile pipette tip to make a scratch through the confluent monolayer cell. Medium was changed and cells were cultured for 24 hours. The percent of wound closure was calculated for five randomly chosen fields.
Transwell assays
Transwell assays were performed and analyzed as described. [42] Briefly, 1 × 10 5 cells in DMEM medium containing 0.1% bovine serum albumin were placed into the upper chamber of the insert with matrigel (BD Biosciences, Franklin Lakes, NJ). After 24 hours of incubation at 37°C, we removed the cells remaining in the upper chamber. After fixing with 20% methanol and staining with a solution containing 0.1% crystal violet (Beyotime Institute of Biotechnology, Beijing, China), the number of cells adhering to the lower membrane of the inserts was counted. For each experiment group, the invasion assay was performed in triplicate, and five randomly fields of each replicate were chosen for analysis.
Cell adhesion assay
The cell adhesion assay was used to determine the activation of Ack1 performed as described elsewhere. [23] In brief, non-coated common culture plates were incubated with fibronectin (10 μg/ml) or PBS (the solvent for fibronectin) for 12 h at 4°C followed by blocking with 2% BSA for 2 h at 37°C. The plates incubated with PBS (used for cells in suspension) were set as control, and ones incubated with fibronectin (used for cells in adherency) were set as experiment group. The cells, which were transfected with Ack1 or its vector, were detached from the plates by incubation in 2% EGTA and washed three times with PBS. The suspended cells were incubated on the control or the fibronectin-coated plates for 30 min. For Ack1 inhibitor assays, HCC cells (1 × 10 5 /ml) were untreated or treated with 4 μM AIM-100 (Medchemexpress, Monmouth, NJ) for 24 h, [45] then following incubated on the control or the fibronectincoated plates for 30 min. Both suspended and adhered cells were harvested and lysed. The tyrosine phosphorylation of ACK1 was detected by western-blot with an anti-p-Ack1 (Tyr284) antibody (Santa Cruz Biotechnology).
Tumor formation and metastasis assays in vivo
A metastatic hepatocellular carcinoma model in nude mice (3-4 weeks of age, male, BALB/c) was established according to the existed protocol. [21] Briefly, approximately 5 × 10 6 cells within 0.2 mL culture medium without FBS were injected subcutaneously into the right flank of the mice. After 3 weeks, subcutaneous tumors were obtained and divided into commensurate fragments of approximately 1 mm 3 . One fragment was implanted into the left liver lobe of another mouse (seven mice for each group). After 35days, the animals were sacrificed by cervical dislocation and autopsied. The length (L) and width (W) of tumors were measured at autopsy and volume (V) was calculated as follows: V = 1/2(L × W 2 ).
[46] The nodules that were distant from the in situ tumors were defined as intrahepatic metastasis. Lung tissue of each mouse was harvested, fixed, embedded, sectioned serially, stained with hematoxylin and eosin (H&E), and observed under a microscope. Mice whose metastatic HCC nodules were found on any slide of lung sections were labeled as pulmonary metastasis presented. The number and grade of metastatic intrahepatic and lung nodules were detected using microscopy. The grade of metastases were classified based on the number of tumor cells present at the maximal section in each metastatic lesion (grade I, ≤ 20; grade II, 20-50; grade III, 50-100; and grade IV, ≥ 100 tumor cells). [22] 
Statistical analysis
All analyses were performed by SPSS18.0 software (SPSS, Chicago, IL). Categorical data was analyzed by χ 2 test. Continuous data was presented as mean ± S.D. and analyzed by t tests or Mann-Whitney U-test when variances are unequal. Survival curves were plotted using the Kaplan-Meier method and analyzed using the log-rank test. The univariate and multivariate Cox proportional hazards regression model was used to identify independent risk factors for overall survival (OS) and disease-free survival (DFS). All tests were two tailed and P < 0.05 was considered as statistically significant.
